
k i t e  byecrra (FLY. 3, I? ,inil C:). T h e  nc\v 
pe,rk,q \\-ere sl~,lrl?; otteii their \\.lJth.; \\.ere 
Iielo\\. the r r s o l ~ ~ t i c ) ~ ~  llinit of CILII. C;e Llcrcc- 
t ~ r  (-11.22 l ~ \  i~111 \\.1~1t11 <it 11~1It ~ l l ~ l i -  

i ~ - r r ~ l ~ ~ ~ t i ( ) ~ ~ .  T l l ~  IXII- p ~ ~ ~ l c q  ~ ~ 1 1 1  l~ i ~ ~ ~ i e . ~ ~ l  
as ,I mlstllre of (LI?,Fe)C> (m; i e~~es ic ) \ \ -~~s -  
t l te) ailii r l ~ t i l c - i t r ~ ~ c t l ~ r e ~ l  Sic): (itihl101-ire). 
T l ~ ~ r t  i,>, c>llr ~~1111plc ~ l p p e ~ ~ r s  t c ~  l~ : r~ , e  L l ~ b \ c > -  

ciirtcLl ~r l i scd ~ ~ i ~ l e s  i111ii l~erc-r\~sl<iti ,liter 
~~rcjlc-rllgci~ l w r  llc'ltlllg ~1t 111211 t,!lll~~el-cl- 
tures. .4lthe)~1~11 \I-e c a i ~ i ~ o t  rule c ~ ! t  the> 
possil.ilit! ot >rn<ill , ~ m i i ~ ~ n t s  c-rt p,irtinl melt- 
ill? L ~ ~ I ~ I I I ~  t l ~ e  tc1rn121t~o11 ot  l ~ ~ , ~ c ~ ~ e s i c ~ \ \ - L ~ s .  
tire anii st l \hi~vlte,  la1.,cc.-~i~rle mcltlng 
.eem,z ~lnlll<el\- heca~lse ot the ,\troilg ~11tel1- 
sit:- i ~ t  the illffr~iti011 lines. T h e  oslde lil~c.,z 
remained atter the sample I\ ah cluei~cllcil, ,111 

iilL1icatic>n that the t r ; l ~ ~ s l t ~ o i ~  is lrrevcrhihle 
o \ e r  tllc rlme scale. o t  co i r l l~~o  111 thebe 
e s p c ~ - ~ ~ ~ ~ e n r , < .  Close ~11spcct~c111 c-ri tlle 21 1 
ll11c o t  ,ti\hovite sho~vh a syllttiny o11 iot>l- 
L I I ~ ~  I~i-r\\.e\-er ( F L ~ .  j(:). T ~ I S  ~1~\tc)rtle)11 L\ 

conslsrcnr \\.it11 the fi>rm;irioi1 o t  the (:;1(:1. 
p11.1~ a t  soom rempcr:ltl:re, ,I> ol?ber\cil 111 

cl~tfract1011 <111~i spcct ro~iopic  exycrlmentz 
at  compar,rhle pressures (1 7). 

111 yei~erdl, 0111. I-ault, ,Ire c~> i l s~> ten t  ltli 
earllcr d ~ ~ i m o i ~ i l  cell .;t~lilie\ :.l~iin.inir or l l~o-  
rl~nmhlc .;lllc,rtC ycro\-sklte ,rh tile prim,rr\ 
p l~as r  111 i l ~ ~ c n i h  esperlmeilt> after ni~>tlcrare 
l a e r  heatlilg ,rt presstlre 225 Gl'a i i ~ r  ?am- 
p l e ~  \\-it11 c c > ~ ~ ~ ~ i a r ~ ~ l i l e  ire111 cc-ri~tei~t, (1 ). [Ills 
Jars lndlcare r l ~ a i  cul7iL silicate per(>\-.;kite 
cotllJ Il,i\-e heen >yi~tl~cii:eii in cai.ller espcr- 

tire in ciii~tr~lct ~ \ - ~ t h  c i~nch~h io i~s  o i  recent 
LAP\Y7 ( I S )  nnil ps~~uilc~porci~tial  ( I  9) c,rlcu- 
latloils tor blgSiC3; cc)~np~>slti011~ t l ~ ~ ~ t  (>r- 
~ I I O I ~ I I O L ~ ~ ~ ? L C  pe~c) \ ,>k~te  jPl?iiiii) 1' tl1'~111i)J\.- 
namicall! t,l\.oreJ ir\.t.r clll.~c ,ri l i l  tetr,lgo~~,rl 
strllctures k-rr the entire rrc>sure ranee ot the 
lc)\\-er mcintlc. In l ~ o t l ~  i ~ t  t l~ese  s t ~ ~ ~ l i e ~ ,  the 
tree energy of the pcrov&ite strl~cture I. 
yarticul;irly \ensit~\.e ti1 thc rc-rtatio~iz c>f the 
SiO, ~c t~ rhe i i l a .  \Vc lnier t11;lt the s l ~ l i \ t i t ~ ~ -  
tlcin ailil site occup,rns\ o i  iron 111 pcrov,kite 
may ,~ l t c r  the eneryericz t1-ic.e Ll~stort~i>lis 
anLl thereby \t~rii~li:c the h i g l ~ - s ~ m n ~ e t r \  
ph,i\e. fiecallst. t11r.a~ re;ict~~)ii> ~rppear to 111- 

vol1.e a finlte cli,i~~irc in \.c>lume, they \vi>111~1 
require a significant chalige in ~ i ) l n p e ~ ~ ~ t ~ i > ~ i ~ r l  
moilcls of the li.\\-er m~rntle it tlici~ arc geii- 
logically po>si131e n.itl-irli Earth. 
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lbB1, an Amidokydrolase That Releases Active 
InelQle-3-Acetic Acid from Conjugates 

Bonnie Bartel and Gerald R. Fink* 

In plants, the growth regulator indole-3-acetic acid (IAA) is found both free and conjugated 
to a variety o-f amino acids, peptides, and carbohydrates. IAA conjugated to leucine has 
effects in Arabidopsis thaliana similar to those of free IAA. The ilrl mutant is insensitive 
to exogenous IAA-Leu and was used to positionally clone the Arabidopsis ILR1 gene. ILR1 
encodes a 48-kilodalton protein that cleaves IAA-amino acid conjugates in vitro and is 
honlologous to bacterial amidohydrolase enzymes. DNA sequences similar to that of l L R l  
are found in other plant species. 

I A A ,  the mr)st n iLle\yreail r n ~ l  alil~nilailt 
,luxill, is :I \ igi~,i l~ng molecule tl1,1t i~lo~llllates 
~ll\-isic)i~ c r ~ ~ L l  e lo i~ : ;~ t~ (> i~  (>t p1>111t cells. IL%A 
reglllaics Lie\ e l o y m c ~ ~ t a l  e\,cilti i ~ ~ c l l l i i ~ n g  
elnl.r\-o symlnerry est,ll?l~ihment ( 1  ) ,  r ~ > o t  
lnitiatlon, ani] apic,ll domin;lnce, a; \\ell as 
cn\.ircinmental rciyonsei sllcli a.: gravitro- 
pis1n >i11L1  ~~llc>tL)trL>L~i~ln (2) .  hk>>t 1.q.4 ill 
p1;lnts i> fk>l~nil ciilij~rpateil tliro~rgh it< c,ir- 
h ) s y l  grc~rp to a ~~:lrlctj-  e ) t -  : IL~IIIXI acii45, 
e l  I c r l y l t  (3 1. These ciin- 

6 .  33rtel. :', iilteiie3:i ns-11. te for Eiol2'sc'ca Eesear:r. 
I~~l,lassa:h~~setts nst tute cf Teci-nols:~, 9 C~itl ' j3ril~.e 

jugcxe> reprcient -95% c > i  the IAL4  pool, 
auci the\, are postulated to 111nctivate excess 
ILL%% <11Io\v X ' I ~ I L ~  ; ~ l t e r~~ t i i>n  c-rt tree IAA co11- 
cent ratio^^, ,111~1 t r a~~zpor t  IAA t l ~ r o l ~ g l ~  the 
pla i~t  ( 3 ) .  .4lthough conjugation ,inLi Jecoil- 
juyatlon ,Ire likely control lnechantsms in 
tl-ic moi l~l la t~on of free IA.4 concci-itrations 
ilurinq ilevelopmelit ancl gro\vth, the ell- 
:\.me, in\.ol\ sii in t l lev  processes arc only 
l3eginning to he characteri:ed. T h e  1nai:e 
iaglli gene, LI-liicli cnci>des an  en:yme t l ~ a t  
e\terifies I.%A to yluco.;c, lias rcce~-itl\- l?ecn 
cli,neil (4), anil enzynca that hydrolyze 
IA.%-eIlrci>.;c (5) or I.%A-Ala l-iave bee11 par- - ' 

Csntel Calri: 1:.2s 15g1.4 021.12 JS.4. tially purifleil (5). T o  ilcternline the role o t  
G E FII-k :"/I3 te'i3acl I - s t ~ t ~ ~ t e  fo Eloli-e:. c a  Reseatcli 
3nc1 Uel:atn3ent 0- 310cgk. u3ssec,iasstts I.stlute of 1'4.4 ~ o l l j ~ l g ; i t ~ \  in \.I\.o, we ~solateil .4rnb1- 
Techns 23. 9 Catnis.:i:je Cents . C;.t:>r,~d:je, r,1.4 dopsis m~rt,r~-it\ ~ v i t h  ~1cfccts in dcco~-ijugatio~-i. 
:21~'2, JSA Llore than 811% (if the  I.q.4 pool in r im- 
73 i.1-017i CG es1:31-:ieti:e s~icaI~.i 13s citislesss;i. bi~ic~psis i< in ~r1-i amiiie-lil-iked for111 (71, but 



these conjugates have not been structurally 
characterized in detail. We tested several 
IAA-amino acid conjugates to identify 
those with IAA-like effects on Arabldopsis 
growth. Seedlings germinated on 3 ELM IAA 
had shortened primary roots and increased 
induction of lateral roots. Several IAA- 
amino acid conjugates (IAA-Ala, IAA-Gly, 
IAA-Phe, and IAA-Leu) mimicked IAA ef- 
fects (Fig. 1) (a), whereas others (IAA-Asp, 
IAA-Ile, and IAA-Val) did not (8). These 
results suggest either that Arabldopsis can 
hydrolyze certain IAA conjugates to release 
free IAA or that some conjugates them- 
selves have hormone activitv. 

To distinguish between these altema- 

tives, we screened for mutants insensitive to 
IAA-Leu (9), with the expectation that 
some of these mutants would be unable to 
cleave, transport, or import IAA-amino acid 
conjugates. Mutant plants with increased 
primary root growth on IAA-Leu were al- 
lowed to self-fertilize, and seeds from the 
next generation were tested for resistance to 
IAA i n d  IAA-Leu. Some mutants were re- 
sistant to both compounds, and these may 
represent alleles of the IAA-resistant mu- 
tants auxl, axrl, and axr2 (10). We also 
found four mutants that were resistant to 
IAA-Leu but were not resistant to free IAA 
(Fig. 1). These mutants were recessive and 
defined a single complementation group, ilrl. 

Fig. 1. The ilrl mutant i$ 
resistant to IAA-Leu, bul 
not to free IAA or IAA-Ala 
Seedlings were grown fo~ 
9 days on minimal medi. 
um with sucrose (0.5% 
(30) (A) or on the same 
medium supplementec 
with 50 pM IAA-Leu (B) 
50 pM IAA-Ala (C), or : 
pM IAA (D). The mutant: 
shown are homozygou: 
F, plants from the thirc 
outcross of ilrl-1 (isolatec 
in the ecotype WS) to thc 
ecotype Col-0. 

. . . YACs to orient them into a contiguous 

We cloned the lLRl gene by means of a 
map-based positional approach. The ilrl al- 
leles (isolated in the ecotype WS) were 
crossed to two mapping ecotypes, Col and 
Ler. DNA prepared from the resultant ilrll 
ilrl F2 plants was analyzed by the polymerase 
chain reaction (PCR) at loci polymorphic 
for length (1 1 ) or for restriction enzyme sites 
(12). The ilrl mutation was localized be- 
tween nga32 and nga172, two polymorphic 
markers on chromosome 3 that were sepa- 
rated by less than 2 centimorgans (cM) (Fig. 
2A) (1 1 ). Yeast artificial chromosomes 
(YACs) containing Arabldopsis genomic 
DNA surrounding these markers had previ- 
ously been identified (13), and we isolated 
the ends of insert DNA (14) from these 

stretch of DNA spanning the ILRl locus 
(Fig. 2B). We developed new polymorphic 
markers (12) from the YAC insert ends and 
used these markers to refine the ILRl posi- 
tion to a -0.5-cM region between the left 
end of yUP17D8 and the right end of 
yUP4G12 (15). The 60-kb segment be- 
tween these YAC ends was cloned from a 
X-based Arabidopsis genomic library (16), 
and the region containing ILRl was further 
narrowed to -30 kb by analysis of an addi- 
tional polymorphic marker made from DNA ' in the intervai ( ~ i ~ .  2C) ( 17). 

We identified expressed sequences in the 
ILRl region by probing an Arabidopsis com- 
plementary DNA (cDNA) library (18) with 
subclones from the X clones. Seven classes of 
cDNAs were isolated, and their inferred po- 
sitions and the sizes of the longest cDNAs 
isolated for each are shown in Fig. 2D. We 
sequenced portions of the cDNAs (19), and 
comparison of these sequences to the Gen- 
Bank database (release 86.0) revealed that 
the protein encoded by cDNA A (Fig. 2D) 
was similar (Fig. 3) to bacterial aminoacy- 

I 
lase (20) and hippuricase (21). These en- 

I Table 1. Substrate specificity of the lLRl enzyme 
expressed in E. coli. Rates shown for the Phe, 
Leu, and Ala conjugates are the mean 2 SD of 
three time points (23). Hydrolysis of the other sub- 
strates was not measurable at the early time 
points, and rates were calculated from 3-hour re- 
actions. Extracts prepared from E. coli trans- 
formed with control vector did not hydrolyze any 
substrate at detectable concentrations ( 4 0  pmol 
min-I mg-' protein). 

lLRl activity (IAA 
Substrate released, pmol min-' 

mg- protein) 

IAA-Phe 1600 2 100 
IAA-Leu 1200 5 160 
IAA-Ala 200 2 70 
I AA-GI y 100 
IAA-Val 92 
IAA-lle <10 
IAA-1 -0-p-D-glucose <10 
IAA-myo-inositol <10 
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Fig. 2. Genetc and phys~ca inap of the genomlc reglon 
containing ILRI. (Aj Analysis of a populat~on segregatng 
for ILRl and ilrl local~zed ILRl to the region of chromo- 
some 3 bounded by the polymorphic markers nga32 and 
nga172 (1 1). (B) Alignment of YAC clones spanning the 
ILRl locus. End probes were isolated trom the YACs 
hybridizing to nga32 or nga172 (13j by plasmid rescue 
(14). Veriical lines represent probes used for hybridization 
or detection of polymorphisms, cC) h clones spanning the 
lLRl locus were isolated by hybridization (16). S a  I (S) 
and Xho I (Xj restriction sites are indicated. [D) Seven 
expressed sequences encoded entirely within the h 
clones shown in (C) were isolated by hybridization. Ar- 
rowheads indicate the direction of transcription, when 
known. 

iyines both cleave amides, as \vould an  en- 
iynle that hydrolyzes IAA-Leu (Fig. 4).  

T o  test whether cDNA A was ILRJ, n.e 
used P C R  to nmplify genolllic D N A  from 
each of the four i l ~ l  alleles and directly se- 
quenced these PCR products (1 9). Each of 
three alleles (ilrl -1 , ilri -2, and ihJ-3) gener- 
nted by ethyl methanesulfonate (EMS) con- 

B 
YACs: 

1.3 0.6 
cM cM 

nga32 - llrl + nga172 
Telomere I I 

I I l l  I 

* * - -  - - - - - 
L - -. - - C - - -. 

_ - * -  
h clones: _ - - -. 

_ # - -  h-4 - . 

tamed a single base pair difference (nhich 
resulted In an  allliilo acid substitution) from 
the gene 111 the unmutagenized parental 
strain (Fig. 3). T h e  allele ihi-4 (22) con- 
tained a single base pair cleletion at codon 
400, which resulted in a frame shift at this 
position. These differences, along lvit1-i the 
fact that the m ~ ~ t a t i o n s  in ilrl-J and ihJ-2 

~ I P P  
a c y l  

296 
I L L 1  EA 294 
I L L 2  ILR1 r" EA 295 
h i p p  YSI 259 
a c y l  ~ F I  263 

Fig. 3. Alignments of the deduced amino acid sequences (25) of the predcted L R l  (cDNA A), ILL1 , and 
ILL2 protelns of Arabidopsis with the hppc~rcase enzyme (hpp) froin Campy1obacte1-jejuni (21) and an 
aminoacylase (acyl) from Bacillus stearothermophilus (20). Sequences were agned w ~ i h  the prograin 
Megalgn (DNAStar) usng the Cl~lstal method (33). Amno acd  residues Identical in at least three of the flve 
sequences are boxed, and hyphens Indicate gaps Introduced to maximlze alignment. The mutatons In 
the fourilrl alleles are G l y ' 3 ~ A s p ~ - ' ~ ~ l r 1  -11, Gy4" Gu"' (~h-1-21. Gum 3 Lys" (ilrl-31, and a slnge 
base pair deletion at codon 400 (ilrl-4). Nuceotlde sequences were deposited In GenBank (accession 
numbers: !LRl, U 2 3 7 9 4 :  ILL l .  U 2 3 7 9 5 :  and 1112. U 2 3 7 9 6 j .  

changed amino acicls that \\ere ~~ len t i ca l  
among cDNA A and the bacterial anlidohy- 
drolases (Fig. 3) ,  support the concluilon that 
cDNA A encodes the ILRJ gene. 

T o  cleterlniile xhe the r  ILRl catalyzed 
IAA-amino acid hydrolysis, \ve expressed 
the ILRJ c D N A  in Eschr~ici~icl coii ,ind test- 
ed extracts from the resultant strain for 
conjugate cleavage activity (23) .  Extracts 
from cells expressing ILRl cleaved 1AF- 
Leu to yield free IAA (Table I ) ,   herea as 
extracts from control strali-is trailsformeci 
with the vector 'lid not. T h e  partially puri- 
fied IAA-Ala hycirolase from carrot requires 
L,f:ln2- for ~naximal  activity (6), ~11d the 
bacterial aminoacylase from Bacilltij 5teai.o- 
thermophilz~s requires Co'+ (21)). Both 
hln" and Co" enhanced ILRl activity, 
whereas EDTA decreased ILK1 actl\.ity (8). 
ILRl clea\.ed both IAA-Leu and IXA-Phe 
~vit11 sill~ilar efficiency, 2nd it cleaved IAF- 
Ala, IAA-Gly, and IAF-Val  1~1 th  lolv effi- 
ciency (Table 1 ) .  IAA-Ilt., n.hich lacks 
IAA-like effects in Arabidopsis ( a ) ,  nas  not 
hydrolyzed hy ILRl nor \yere the ester con- 
j ~ ~ g a t e s  of IAA lvitl~ glucose or inos~tol.  T h e  
in vitro substrate specificity of the ILRl 
enzylne ln~rrored the In vivo reslstal~ce of 
the iirl mutant,  n.hlc11 \vas slightly resistant 
to IAL4-Pl1e (8) as \yell as to 1,4,4-Le[1 (Flg. 
1 )  hut rem,l~ned sensltl\.e to IAA-Ala (Fig. 
1)  and IAA-GIy (8). Tl-ieae finding,\ suggest 
that the resistance of the i l ~ l  m ~ ~ t , ~ n t  to 
IAA-Leu , ~ n d  IAA-Phe i? the res~llt of de- 
creased cleavage of these coni~~jintes rather 
than an inlport detect. The  I S O ~ ~ I ~ I O I I  of 111~1- 

tanti that are reslitmt to 1 ~ 1 t h  IAA-Ala and 
IAA-C>Iy hut not tci I A A - L ~ L I  or IAA-Pl~e  
(8)  sLIFgest5 that 144-amino a c ~ d  conj~~gates  
f,ill into , ~ t  least t \ ~ o  classes in .4i.cibidopsis. 
Whetl-icr these classe serve ii~~erlapplng or 
ilistinct fii~lctioils d~lr111~ gi-oi~t1-i and clevel- 
op~nen t  re~llai~-ii to he ~leterm~neil .  

ILRl is n llle~llher of a stllall qenc f;imtly. 
A Cxtial17- s e ~ ~ ~ ~ e n c e ~ l  Arc~biciopsis cDNA 



(GenBank accession number T17869) 
showed similarity to ILRI. W e  used t h ~ s  
partial cDNA (24) to probe an Arabidopsis 
cDNA library (18) by hybridization and 
isolated two classes of cDNAs: the ILRI- 
like gene (ILLI), used as a probe, and a 
second ILR1 -related gene (ILLZ). W e  se- 
quenced these t\vo cDNAs (191, and their 
deduced amino acid seijuences are about 
87% identical to one another, 43% identi- 
cal to ILRl, and 30% identical to the bac- 
terial hydrolases (Fig. 3) .  

lLRl and ILLl potentially encode 48-kD 
proteins that are similar along their lengths 
to the bacterial amidohydrolases, with the 
exception of a hyilrophilic COOH-termi- 
nus and a stretch of hydrophobic amino 
acids at the NH,-terminus \\>it11 character- 
istics of a signal sequence (Fig. 3) .  ILLl has 
a sequence at its COOH-terminus, HDEL 
(25), that has been sho\vn to be essential for 
active retrieval of proteins into the lumen 
of the eniloplasmic reticulum (ER) (261, 
which suggests that some IAA conjugate 
hydrolases function in the ER. The major 
auxin-binding protein in maize, ABP1, also 
has an ER retrieval signal (261, consistent 
with a role for IA4A nletabolisnl in this 
compartment. 

DNA sequences similar to ILRl were 
detected by lorv-stringency hybridization of 
the lLRl cDNA to DNA isolated from a 
variety of other dicots, including tomato, 
carrot, and bean (8). In addition, compari- 
son of the ILRl sequence to the DNA 
databases uncovered several partial se- 
quences from anonymous rice cDNAs that 
potentially encode secpences similar to the 
ILRl protein (27). These results suggest 
that IAA-amino acid hydrolases function 
in all flowering plants and that hormone 
deconjugation is a general control mecha- 
nism in IAA4 metabolism. 
A correlation has been observed be- 

tween the hydrolysis of exogenously applied 
IAA-amino acid conjugates and their bio- 
logical activity (28). Our results strongly 
suggest that certain conjugates are cleaved 
in vivo and that this hydrolysis is necessary 
for IA4,4 activity. Elucidating the regulation 
and localization of ILRl a ~ l d  related IAA4- 

thaitana 
AiaD8daps;s WN H2N COOH 

H 1AA.Leu IAA Leuclne 

Aminoacylase 

Bacillus 
Acetylalanne stearothenno~hrlus Acel~c a c ~ d  Alanine 

Fig. 4. Reactions catalyzed by LR1, hippuricase 
127), and aminoacyase (20). 

amino a c d  hvdrolases may reveal the roles 
of their corresponding cknjugates during 
developtnent. Ultimately, the ability to 
control deconjugation may allow the ma- 
nipulatlon of IA4A concentrations in vlvo 
to influence the size and shape of plants. 
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